Propolis collected on Jeju Island, Korea, contains characteristic components not present in propolis from other regions. Hence, the plant origin of the propolis from Jeju Island can be expected to be a novel plant. To identify the plant origin of this propolis, first we observed honeybee behavior, and found them collecting the resin from Angelica keiskei. Then comparative analyses of chemical and biological properties of the resin from the plant and propolis from hives of nearby apiaries were performed. Alcoholic extracts showed entirely identical HPLC profiles and closely similar antioxidant activities. These results indicate that A. keiskei is the plant origin of the propolis from Jeju Island, Korea.
Propolis is the apicultural term for the resins and exudates that honeybees, Apis mellifera L., collect from certain plant sources, for example 67 species in 29 families listed by Crane. 1) Since these resins and exudates generally possess antimicrobial properties, the collection and in-hive use of propolis are thought to be a significant behavioral disease-resistance mechanism in honeybees. 2) In addition to antimicrobial properties, researchers have also studied various biological activities of it, including anti-inflammatory, antioxidant, and anticancer properties, and people have long used it as a folk medicine in many regions of the world. [3] [4] [5] Due to these biological activities demonstrated by scientific studies, propolis has attracted attention as a natural medicinal substance. In recent years, it is extensively used in foods, beverages, supplements, and cosmetics intended to prevent diseases such as inflammation, heart disease, and cancer, and as a beauty aid. [6] [7] [8] There is no chemical modification of the components of resins and exudates of plant origin during collection by honeybees, and thus the components of propolis hardly differ from those of the resins and exudates. 2) Taking account of these behavioral findings, the flight range of resin-collecting trips, which are comparable to pollen-collecting trips in time, 9) and the phenology in the use of limited ranges of plants as resin resources, 10) the chemical components of propolis are dramatically distinguished by the flora around hives, and they are generally specific to both plant sources and localities. For example, propolis collected in temperate regions contains many flavonoids and phenolic acid esters, particularly pinocembrin, pinobanksin, galangin, chrysin, and caffeic acid phenetyl ester, since a major source of propolis is bud exudates of Populus species. 4, 11) On the other hand, green propolis from Minas Gerais State, Brazil, contains many prenylated derivatives of p-coumaric acid, such as artepillin C and (E)-3-prenyl 4-(dihydrocinnamoyloxy)-cinnamic acid, as a source of the propolis is the young leaves of Baccharis dracunculifolia. 12, 13) The correspondence of the components of the resins and exudates of plant origin with those of propolis suggests that the two materials have similar biological activities. We have found that Macaranga tanarius, the plant origin of propolis from Okinawa, the southernmost prefecture in Japan, has potent radical-scavenging activity similar to propolis. 14) Hence, M. tanarius has attracted attention as a source of antioxidant and antimicrobial substances, and research and development for the commercial use of the plant have started in Japan. 15) Therefore, the identification of the plant origin of propolis produced in particular places is important not only for studies of propolis but also for the potential utility of the plant. Additionally, Bankova et al. have stated that a knowledge of plant origins of propolis is useful as a basis for chemical standardization of it. 4) Since the components of propolis depend on the plant origin, it is necessary in the identification of plant origin to determine the correspondence between the components of propolis and the plant origin by chemical comparative analysis. Additionally, honeybee behavior y To whom correspondence should be addressed. Tel/Fax: +81-54-264-5523; E-mail: kumazawa@u-shizuoka-ken.ac.jp in collecting plant materials as propolis must be also observed. To date, we have identified the plant origins of Brazilian and Okinawan propolis by comparative chemical analyses and observations of honeybee behavior. 13, 14) Previously, we studied the components of Korean propolis from various geographical locations, and found that the components of the propolis collected on Jeju Island, located off the southern coast of Korea, differ from propolis from other regions. 16, 17) As a result of further component analysis, it has been found that the propolis from Jeju Island contains many chalcones and coumarins. 18) Since no propolis containing chalcones and coumarins as main components has been reported, 7) the plant origin of the propolis from Jeju Island can be expected to be an unknown plant. The many chalcones and coumarins isolated from this propolis have been reported to be components of a certain plant belonging to the Apiaceae family.
18) Although Crane lists no Apiaceae plants as propolis sources, some genera in the family, such as Ferula and Dorema, are resin sources for traditional uses by humans. 1) Hence we expected that the plant origin of the propolis from Jeju Island is a member of the Apiaceae family.
In this study, we corrected evidences by various means from observation of honeybee behavior to comparative analysis of the components of the plant material with those of the propolis by HPLC with a photo-diode array (PDA) detector, and biological assay, inhibition of coupled auto oxidation of -carotene and linoleic acid (-carotene assay), and ferric reducing antioxidant power (FRAP assay).
Materials and Methods
Reagents. Butylated hydroxytoluene (BHT), -carotene, linoleic acid, and Tween 40 were purchased from Kanto Chemicals (Tokyo). L-Ascorbic acid and 2,4,6-tripyridyl-1,3,5-triazine (TPTZ) were from Wako Pure Chemical Industries (Osaka, Japan).
Observation honeybee behavior. Field observation was carried out in an A. keiskei field located in Pyoseon-myeon Gasi-ri, Seogwipo-si, Jeju-do, Korea, at 32 20 0 N and 126 45 0 E in August, 2011. In the approximately rectangular field of 15 Â 75 m, mature (2-years-old) A. keiskei plants were dense on the ground, were 1.5 to 2 m in height, and were flowering at the time. These plants were remnants of leafharvest, and kept for seed production. The strain of A. keiskei is unknown, but was taken to be the Hachijo-strain by their appearance. The honeybees on the A. keiskei plants were photographed by digital camera during observation, and three apiaries around the field were also visited to find returned resin honeybees at hive entrances.
Sampling and extraction of resin of A. keiskei and propolis. We collected the resin of A. keiskei, which honeybees collected as propolis material in the A. keiskei field, and propolis from the hives of an apiary located 880 m northeast of the field. The resin (8.3 mg) and the propolis (687.0 mg) were extracted with 30 mL of methanol at room temperature for 18 h. The two extracts were filtrated and evaporated under reduced pressure to give 5.6 mg of methanol extracts of the resin of A. keiskei (MERA) and 245.6 mg of those of the propolis from Jeju Island (MEPJ). In the same way, each material was also extracted with ethanol to give ethanol extracts of the resin of A. keiskei (EERA) and of propolis from Jeju Island (EEPJ).
HPLC system. For HPLC analysis, PU-1580 pump (Jasco, Tokyo),
LG-1580-02 ternary gradient unit (Jasco, Tokyo), AS-2057 Plus autosampler (Jasco, Tokyo), MD-1510 multi wavelength detector (Jasco, Tokyo), CO-1565 column oven (Jasco, Tokyo), and Capcell Pak UG120 C18 column (5 mm, 4:6 Â 250 mm) (Shiseido, Tokyo) were used.
HPLC analysis. MERA and MEPJ were dissolved in methanol (10 mg/mL). Ten mL of each solution was injected into a reverse phase HPLC system and eluted at a flow rate of 1.0 mL/min with 0.1% trifluoroacetic acid (TFA) in water (A) or 0.1% TFA in acetonitrile (B) using the following gradient program: 0-60 min, liner 20-80% B; 60-80 min, isocratic 100% B. UV-Vis spectra from 200 to 600 nm were measured, and the column temperature was held to 40 C.
Inhibition of coupled auto oxidation of -carotene and linoleic acid (-carotene assay). This assay was carried out by the method of Emmons et al. 19) with some modifications. Three mg of -carotene was dissolved in 30 mL of chloroform, and 3 mL of the solution was added to 40 mg of linoleic acid and 400 mg of Tween 40. Chloroform was removed under a stream of nitrogen gas. Distilled water (100 mL) was added, and the solution was mixed well. Three mL of the -carotene/ linoleic acid emulsion was mixed with 50 mL of EERA or EEPJ ethanol solution, and this was incubated in a water bath at 50 C. A control sample contained 50 mL of ethanol in place of the extract solution. Oxidation of the emulsion was monitored spectrometrically by measuring the absorbance at 470 nm after 60 min of incubation. Antioxidant activity was expressed as percent inhibition relative to control by the following equation:
where AA is antioxidant activity, DR C is the degradation rate of the control (¼ lnða=bÞ=60), DR S is the degradation rate of the sample (¼ lnða=bÞ=60), a is the initial absorbance at time 0, and b is the absorbance after 60 min of incubation. EERA and EEPJ were evaluated at a final concentration of 20 mg/mL, and BHT at 1 mg/mL was used as positive control. 20) with a few modifications. The FRAP reagent consisted of 10 mM TPTZ solution in 40 mM hydrochloric acid, 300 mM sodium acetate buffer (pH 3.6), and 20 mM ferric chloride (III) solution at a ratio of 10:1:1 (v/v/v). Three mL of the FRAP reagent was mixed with 100 mL of EERA or EEPJ ethanol solution (2 mg/mL), and this was incubated at room temperature. In place of the extract solution, the control sample contained ethanol. BHT ethanol solution (2 mg/mL) was used to compare with the activity of samples. After 3 min of incubation, reduction of the ferric ion was monitored spectrometrically by measuring absorbance at 593 nm. Antioxidant activity based on reducing power was expressed as mg ascorbic acid equivalent/mL.
Ferric-reducing antioxidant power (FRAP assay). FRAP assay was carried out as described by Benzie and Strain

Results
Numerous honeybees were found in the A. keiskei field on Jeju Island, and most were on the flowers collecting pollen, and the rest were found collecting resin on the stems. Slightly viscous, yellowish resin ran on the surface of the stems from the cicatrices or remained on the leaf stalks, cut near the base when the young leaves were harvested. Resin was seen on the stems in a running track, and often accumulated in the space between the stem and the base of the leaf at the nodes. Honeybees scraped the semi-dried resin from the running track on the stem surface and at the nodes and leaf scars, and hovered to pack the resin into their corbicula (pollen baskets). In spite of the strong visual contrast of running fresh resin on stem, seen as a yellow line, the honeybees avoided the viscous fresh resin and were more attracted to old, dim resin tracks (Fig. 1A) . Other bees on the withered plants gnawed the dead stem near the ground. They used mandibulars to dig the plant tissue to some depth and exposed dried resin ducts (Fig. 1B) , and then collected the resin in many cases with tissue (Fig. 1C) . The particles of resin with tissue were transferred to their corbicula on the hind legs by pollen brushes on the forelegs. The appearances of the resin loads, yellow (pure resin), and dark brown (old resin with tissues) were very different although from the same plant. Although we found foragers returning with A. keiskei pollen loads in the three apiaries around the field where we found the resin collectors, we found no honeybees entering their hives with resin loads, mainly due to the relatively low of resin collection by honeybees.
We compared the components of MERA and MEPJ with the HPLC with PDA detector. The two HPLC profiles were almost identical as shown in Fig. 2 . Moreover, we identified the major peaks in the chromatograms by comparing the retention times and UV-Vis spectra with authentic compounds isolated previously from propolis collected on Jeju Island.
18) The chemical structures of the major phenolics are shown in Fig. 3 . It was confirmed that MERA and MEPJ contained phenolics including (SS)-(þ)-laserpitin (1), (SS)-(À)-isolaserpitin (2), (S)-(À)-selidin (3), 4-hydroxyderricin (4), xanthoangelol (5), and xanthoangelol F (6). Table 1 shows the antioxidant activities of EERA and EEPJ as evaluated by -carotene and FRAP assay. In both assays, there were not differences between the activities of EERA and EEPJ.
Discussion
A. keiskei, a large biennial-to-perennial plant classified in the Apiaceae family and native to Japan, is recognized as a health food. The fresh leaves and stems are eaten in stir-fries, like that of celery, or in salads in Asia. 21, 22) It is widely cultivated in Asia, especially in Japan, Indonesia, Jeju Island, Hainan Island (China), and Taiwan. 21, 23) Its main components are chalcones and coumarins. 24) As mentioned in the introduction, we found similarities between the components of A. keiskei and those of propolis collected on Jeju Island, 18) and Resin collectors attracted to a dried resin track (A), digging resin ducts and pack pure resin particle on the corbicula (B), dark resin particle with plant tissues on worker at left collecting resin on a knot (C). we expected that A. keiskei is the plant origin of this propolis. In this study, we observed honeybees collecting the resin from A. keiskei on Jeju Island, and confirmed that there was no difference between the components of MERA and MEPJ. Thus A. keiskei is the plant origin of the propolis collected on Jeju Island. According to Crane, 1) the main propolis sources are trees and shrubs, and only six out of 67 species of propolis source plants are herbaceous. On her list, no Apiaceae plant was included. Although some genera in the large Apiaceae family (e.g., Ferula and Dorema) are known to be resinous plants and resins from their rhizomes are used traditionally for various purposes, and only in the genus Angelica more than 60 species are medicinally used traditionally and currently, 25) there was no species recognized as source of propolis. Therefore, A. keiskei is the first identified plant origin of propolis in the genus Angelica and the Apiaceae family.
New plant origins of propolis have been reported where introduced honeybees encounter native plants that produce resins or exudates, e.g., Baccharis dracunculifolia in Brazil 12, 13) and Macaranga tanarius in Okinawa. 14) In the case of A. keiskei on Jeju Island, both honeybees and the plant were introduced very recently. Furthermore, since A. keiskei stores the resin in resin ducts to protect itself from herbivorous insects, it is not usable by honeybees under natural conditions. After farmers cut young leaves at harvest, honeybees are given the opportunity to use the resin. There are only a few cases in which honeybees are known to use resin released by cutting stems or branches of trees, 1) but A. keiskei is cultivated in certain areas, and the resin available might reach large enough amounts for honeybees to use for propolis. The propolis on Jeju Island is a result of the trinity of bees, plants, and humans.
A. keiskei has been studied as a health vegetable, and is reported to contain components with many biological activities, including inhibition of -glucosidase and the influenza virus neuraminidase, induction of apoptosis in neuroblastoma, and nerve growth factor production. 23, [26] [27] [28] [29] We expect the propolis collected on Jeju Island to have the same biological activities as A. keiskei itself, since the former and the latter have very similar components. It was confirmed in this study that the values of the antioxidant activities of the propolis and A. keiskei were almost the same. Investigation of the biological activities of the propolis of Jeju Island is in progress. 
